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ABSTRACT 
X-ray micro-tomography has become an increasingly important technique for 
characterizing the 3D microstructure of materials. This became possible mainly because spatial 
resolution of the imaging detectors has improved, and synchrotron radiation is more accessible 
for micro-tomography imaging. 
In the presented project a novel experimental system has been designed and built at 
Biomedical Imaging and Therapy (BMIT)’s 05B1-1 beamline at Canadian Light Source (CLS). 
This system allows imaging structural transformation during in-situ loading experiments under 
tensile stress.  The system was tested and several examples illustrating the application of this 
experimental system are presented. 
 The system has been used to image the structure of porous aluminum and the size and 
distribution of pores was analyzed. The system was also used to image the structure of 
Al/Al2O3/TiC hybrid composites manufactured by accumulated roll bonding (ARB) process and 
this allowed analyzing the size distribution of reinforcing particles and voids. It was further 
demonstrated that in-situ imaging of deformation can be used to image consecutive stages of 
structural transformation (change in volume, change of position of reinforcing particles, creation 
of voids etc.) in aluminum alloy and aluminum composites during application of tensile stress 
and to illustrate the nucleation of failure.  
This system of dynamic imaging at BMIT-BM at CLS can help in better description of 
structural transformation  associated with the application of stress and will contribute to better 
understanding  of the failure mechanisms of different types of materials during straining. 
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CHAPTER 1 
INTRODUCTION 
The micrometer range resolution of synchrotron radiation tomography has allowed 
development of an important technique for characterizing the three dimensional (3D) 
microstructure of materials. To optimize materials, it is common to relate mechanical, chemical 
or physical properties to microstructure. During the manufacturing processes, the structure of 
materials can be optimized to satisfy requirement for different engineering applications. 
Understanding of complicated relationships between structure and properties is essential for the 
optimum design of various engineering structures and systems.  Such design is often influenced 
by service conditions and environment.  Understanding of performance and failure of materials 
in service is crucial for extending the life of various engineering components and preventing 
unexpected failure. The materials characterization is performed in 2D using optical microscope 
or scanning electron microscope (SEM) or  transmission electron microscopy (TEM) under 
different environmental conditions e.g. temperature, mechanical load. Though these 2D imaging 
techniques have very important contribution to materials characterization, we need 
complementary 3D techniques to understand the materials structure and behavior more 
accurately [1]. 
 
1.1   2D imaging and its limits  
Micro-structural information can be obtained by analysis of 2D images. In the following 
cases 2D measurements give us good approximation of the 3D information: 
• The volume fraction of structural elements, when they have isotropic shape [2]. 
• In some simple cases (sphere, cube) for the size and size distribution using 
Saltykov methods for spheres or other shape [2 - 4]. 
• The specific surface Sv, which is defined as the area of the solid–liquid interface 
per unit volume of solid, and is often related to micro-structural evolutions [2]. 
However this 2D analysis is not sufficient when direct 3D information is needed: 
• The number of objects per surface area cannot be linked to the true 3D number of 
objects per unit volume since on a 2D section objects might appear separated 
whereas they may be connected in 3D. 
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• The size distribution of phases with complex shape in the material cannot be 
obtained from a 2D section. 
• The connectivity of phases cannot be obtained from 2D measurements since this 
is obviously a 3D parameter.  
• Nucleation and propagation of failure in engineering materials cannot be observed 
2D in the most important cases of failure if nucleation occurs inside the materials 
or in other plane than the plane we are looking at.  
• Furthermore, sometimes sample preparation for 2D observations may lead to 
artifacts i.e. observation of porosities is not easy since polishing might create 
artificial porosities by extracting hard phases such as intermetallics from the 
material or sometimes eliminating porosities in a soft material by refilling them 
[1]. 
 
In addition, from a mechanical point of view the stress state is not the same when 
measured on a free surface than in the bulk as it has been already demonstrated [5]. There is a 
need for 3D characterization of micro-structure which is now possible thanks to the recent 
developments in high resolution X-ray tomography.  
 
1.2   3D X-ray tomography 
In X-ray radiography an X-ray beam is sent on a sample and the transmitted beam 
through the sample is recorded by a detector (mainly film or CCD based detector for 
radiography). According to the Beer–Lambert law, the ratio of the number of transmitted to 
incident photons is related to the integral of the absorption coefficient of the material along the 
path that the photons follow through the sample. The absorption coefficient µ is linked to the 
density, the atomic number and the energy of radiation (when the beam is monochromatic) by 
using an empirical law. The resulting image is superimposed information (projection) of the 
absorption of the tested section of the sample in a 2D plane. The classical way to get 3D 
information is to perform a large number of radiographs while rotating the sample between 0˚ 
and 180˚. We do not need to take any further image projection till 360˚ because those would 
repeat the similar images as we already got till 180˚. The filtered back-projection algorithm can 
then be used to reconstruct the structure of the sample from these radiographs [6].  
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1.3   Synchrotron Radiation Computed Tomography 
X-ray beams suitable for micro-tomography experiments are available either from 
microfocus X-ray apparatus that can be operated in a laboratory environment or at synchrotron 
radiation sources [7]. Synchrotron X-rays have the advantages of  
– high photon flux,  
– high brilliance,  
– high parallelism,  
– large energy range,  
– partially coherent beam (at 3rd generation sources). 
Because of which it needs shorter exposure time of the detector to take the projection 
image of the sample with reasonable contrast. Compared to laboratory X-ray micro-focus 
sources, synchrotron X-rays provide both a significantly higher image resolution and time 
resolution [8]. 
 
1.4   In-situ experiments 
Among the reasons to perform the more challenging in-situ 3D imaging experiments [7]: 
(i) In in-situ micro-tomography experiments the same gauge volume can be visualized 
during the experiment. 
(ii) Unloading effects such as crack closure or a decrease of pore size due to shrinkage 
during cooling can be observed.  
(iii) Artifacts introduced during the unloading/loading cycle and mounting/dismounting     
of the sample can be prevented. 
 
However, there are some limitations to in-situ X-ray micro-tomography experiments: 
(i) The data acquisition time needed to obtain a tomogram needs to be well adjusted to 
the time interval of the change of the microstructure. 
(ii) Relaxation effects, e.g. during loading of polymers or an increase in sample length 
may introduce artifacts into the reconstructed image.  
 (iii) The loading or heat treatment experimental system must be specially designed to    
allow mounting in the existing tomography set-up. 
4 | P a g e  
 
Selection of materials and optimizing the structure for different service conditions is 
always necessary for all engineering applications.  In particular, it is important to understand the 
mechanism of failure processes in different environment of service. An example of such 
applications is imaging the processes of structure transformation (change in volume, change of 
position of reinforcing particles, creation of voids etc.) and failure of materials during in-situ 
tensile test. Equipment for such 3D observation, when designed, will allow us to collect 
information essential for understanding the failure processes in important engineering materials.  
Although 2D in-situ tensile test can give us information of the sample at different strain levels, 
many phenomena related to the materials failure processes cannot be observed and analyzed 
since the 2D imaging is limited to the surface structure. A 3D in-situ imaging technique is 
needed to get the true 3D volumetric information on the structural transformation during failure 
processes.   
 
1.5   Objectives of the present project 
 
 To design and fabricate an experimental stage for in-situ experiments under tensile stress 
at CLS 
 To analyze 3D structure of typical engineering materials:  
(a) Porous aluminum  
(b)Al/Al2O3/TiC hybrid composites 
 To perform in-situ 3D structural analysis under tensile loading of the following 
engineering materials:  
(a) AA 6061  
(b) Al/Al2O3/TiC hybrid composites  
 
 
 
 
 
 
 
5 | P a g e  
 
CHAPTER 2 
LITERATURE REVIEW 
2.1   Literature review on 3D tomography imaging in material science 
Over the last 20 years a series of novel and innovative true 3D internal imaging 
techniques have emerged, and already found a place in medical science. Following this success, 
the same 3D methods are now gradually applied in the advanced materials field. 
 
In situ tensile experiments by using synchrotron X-ray tomography of three different 
aluminum alloys (2024, 7449 and 5754) exhibiting different mechanical properties has been 
done by Eric et al. (2011) [9]. These experiments allowed the observation of damage nucleation, 
growth and coalescence and produced a wide database on the mechanism of damage. The 
damage steps (initiation, growth and coalescence) were clearly visualized during in-situ tensile 
experiments. This method used gives a precise image of the outer shape of the sample and 
changes that take place during deformation (Fig 2.1), and allows calculating the true strain vs 
true stress curve and also an approximation of the stress triaxiality using the Bridgman formula.  
 
 
Fig 2.1: Reconstructed tomographic slices before tensile deformation located approximately in 
the middle plane of the sample for materials 5754, 2024 and 7449 (figure a–c respectively). Each 
slice is parallel to the tensile axis. The notch radius is 1 mm [9]. 
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The results show that damage can be visualized and also quantified in terms of nucleation 
and growth, coalescence of microcracks being also evident in the results (Fig 2.2) but still it was 
hard to quantify. Finally, the authors found that a model for damage growth during ductile 
straining based on the Rice and Tracey approach can be used to explain the obtained results.  
 
 
Fig 2.2: Same slices as in Fig 2.1 after deformation for materials 5054, 2024 and 7449 
(figure a–c respectively) [9]. 
 
A systematic study of the 3D microstructure of SiC particle reinforced 2080 Al alloy 
matrix composites, as-processed and after tensile damage, was conducted using X-ray 
synchrotron tomography by Williams et al. (2010) [10]. Despite the similarity in density between 
Al and SiC, novel segmentation techniques allowed to obtain the 3D microstructure and 
quantitative analysis of fracture in this composite. Complimentary X-ray techniques, absorption 
and refraction, were used to analyze different phases in the microstructure (Fig 2.3). Absorption 
measurements were used to obtain the images of pores, Fe-rich inclusions, and oxide phases. 
Refraction was used to study the SiC particles, because of the sharp contrast at the 
particle/matrix interface facilitated observations. The damage zone in the composite was 
confined to a very small volume close to the fracture plane (Fig 2.4). The zone for void growth 
and for particle fracture both extended to about 1 mm from the fracture plane. A large number of 
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particles were sampled by X-ray tomography. Quantitative analysis of particle fracture showed 
that particles with larger size and larger aspect ratio are more prone to fracture. The strength of 
the particle appears to be a strong function of the aspect ratio.  
 
  
 
Fig 2.3: (a) 3D microstructures of as-processed composite showing distribution of voids and Fe-
rich inclusions. (b) Quantitative analysis of void fraction and inclusion fraction as a function of 
distance along the gauge length. The distribution of voids and inclusions is quite uniform [10]. 
 
  
 
 
Fig 2.4: (a) 3D microstructures of composite after tensile fracture showing distribution of voids 
and cracks, and Fe-rich inclusions. (b) Quantitative analysis of void fraction as a function of 
distance along the gauge length. The damage is intensified over about 1 mm from the fracture 
surface. At larger distances the damage state is similar to that of the as-processed material [10]. 
(a) (b) 
(a) (b) 
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The compressive behavior of closed-cell aluminum foams was investigated by Ohgaki et 
al. (2006) [11]. The microstructure of cell walls or plateau borders in the foams was visualized in 
3D. The shapes and the 3D distribution of micropores, particles, and regions of solute 
segregation in the foams were evaluated, comparing the cell walls with the plateau borders. 
Under compressive loads, the damage was been observed using an in-situ test rig. It was found 
that the microcracks were initiated mainly from the cell walls and the micropores with large 
diameters. The crack initiation sites were classified from the obtained results. In addition, a 
method for non-destructive characterization of elastic and plastic deformation in the foams, 
called a 3D microstructure gauge (MG) method, was presented. The local strain mapping by the 
MG method indicates that the edges of the micropores with large diameters experience large 
strain under compression and this is consistent with the observed crack nucleation sites.  
 
An in situ tensile test during X-ray tomography experiments on high-strength steel has 
been done by E. Maire et al. (2008) [12]. The experiment was done at ID15 beam line at the 
European Synchrotron Radiation Facility (ESRF) with the beam energy of 50 keV. This study 
showed that it was possible to qualify and quantify damage in 3D in the bulk of steels. The 
quantification of the observations led to the determination of some important parameters 
affecting damage. It was possible to measure not only the evolution of the density and size of the 
cavities, but also the local strain. The main finding of this quantitative analysis was the quasi-
stagnation of the value of the average equivalent diameter of the cavities in the studied dual 
phase (DP) steel. This has been shown to be due to the competition between the growth of 
existing cavities and the nucleation of smaller new ones. To account for this competition, a new 
model has been proposed, inspired by studies on the precipitation process in metallic materials, 
and also composed of an initiation and a growth phase. The new model is based on the Rice and 
Tracy (RT) approach, which has been shown to describe the growth of the bigger cavities, and 
also accounts for the nucleation of cavities. The proposed model is able to predict the stagnation 
of the diameter of the cavities.  
 
A comparison between the behavior of two constituent’s ferrite and martensite, taken 
separately, was  made in the experiment of damage measurement in dual phase steel by using in-
situ high-resolution X-ray absorption tomography by Bareggi et al. (2012) [13]. The method was 
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particularly useful for analyzing the contribution of nucleation and growth of voids to failure in 
the studied materials. Quantitative analysis of the damage events was carried out on a same 3D 
region at different deformation steps for different samples cut from three kinds of materials. 
Void number prediction and growth of voids model was based on local stress triaxiality, and 
showed a Good agreement with the experimental data.  
 
Accuracy in 3D imaging by X-ray tomography was discussed by Patterson et al. (2010) 
[14]. The quality of a 3D reconstruction of µCT data depends of many parameters. These 
parameters include the signal-to-noise of the individual radiographs, dimensional accuracy and 
contrast of the radiographs, number of radiographs, noise minimization during acquisition. Also 
of importance is the quality of the reconstruction algorithm. Most of these parameters are 
inherent to an individual instrument but several require the knowledge and experience of the 
operator and the selection of the right filters, acquisition settings and time on the instrument, 
specifically dwell time and number of radiographs. The authors conduct some experiments to 
establish the dimensional standard for micro X-ray computed tomography. They found that 
setting the size threshold to avoid noise domination was very difficult but must be optimized. 
The way to do this is to collect enough images to minimize the noise. More images are needed if 
the contrasts between objects are similar in X-ray absorption. As the gray scale range is directly 
proportional to the number of radiographs collected, more radiographs would be required to 
increase the contrast and we can get it by reducing the angular step size of the image projection 
around the sample.  
 
2.2   Computed Tomography 
2.2.1   Overview 
The term tomography refers to the general class of devices and procedures for producing 
2D cross-sectional images of a 3D object. Tomography systems make it possible to image the 
internal structure of objects in a non-invasive and non-destructive manner. In conventional x-ray 
radiography, a stationary source and planar detector are used to produce a 2D projection image 
of the object. The image has intensity proportional to the amount by which the x-rays are 
attenuated as they pass through the object, i.e., the 3D spatial distribution of x-ray attenuation 
coefficients is projected into a 2D image. X-rays passing through an object experience 
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exponential attenuation proportional to the linear attenuation coefficient of the object. The 
intensity of a collimated beam of monoenergetic x-radiation exiting a uniform block of material 
with linear attenuation coefficient µ and thickness d is given by I = Ioe −µd where I0 is the 
intensity of the incident beam. For objects with spatially variant attenuation µ (z) along the path 
length z, this relationship is generalizes to:   
 
2.2.2   Reconstruction methods of the projected images 
The relationship between the measured views and the corresponding image illustrates in 
Figure 2.5. Each image projection of the sample acquired in a CT system is equal to the sum of 
the image values along a ray pointing to those projection directions. For example, view 1 is 
found by adding all the pixels in each row. Likewise, view 3 is found by adding all the pixels in 
each column. The other views, such as view 2, sum the pixels along rays that are at an angle.  
 
Fig 2.5: Computed tomography views [15]. 
 
There are four main approaches to calculate the slice image given the set of its views. 
These are called CT reconstruction algorithms.  
 
The first method is based on solving many simultaneous linear equations. One equation 
can be written for each measurement. That is, an image projection of the sample of a particular 
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profile is the sum of a particular group of pixels in the image. The problem with this first method 
of CT reconstruction is computation time. Solving several hundred thousand simultaneous linear 
equations is a daunting task.  
 
The second method of CT reconstruction uses iterative techniques to calculate the final 
image in small steps. There are several variations of this method: the Algebraic Reconstruction 
Technique (ART), Simultaneous Iterative Reconstruction Technique (SIRT), and Iterative Least 
Squares Technique (ILST). The difference between these methods is how the successive 
corrections are made: ray-by-ray, pixel-by-pixel, or simultaneously correcting the entire data set. 
In the ART algorithm, all the pixels in the image array are set to some arbitrary value. An 
iterative procedure is then used to gradually change the image array to correspond to the profiles. 
An iteration cycle consists of looping through each of the measured data points. For each 
measured value, the following question is asked: how can the pixels values in the array are 
changed to make them consistent with this particular value of measured intensity? In other 
words, the measured intensity from the sample is compared with the sum of the image pixels 
along the ray pointing at the sample. If the sum is lower than the intensity from the measured 
sample, all the pixels along the ray are increased in value. Likewise, if the ray sum is higher than 
the measured sample, all of the pixel values along the ray are decreased. After the first complete 
iteration cycle, there will still be an error between the ray sums and the measured values. This is 
because the changes made for any one measurement disrupts all the previous corrections made. 
The idea is that the errors become smaller with repeated iterations until the image converges to 
the proper solution. Iterative techniques are generally slow, but they are useful when better 
algorithms are not available.  
 
The third method is called filtered backprojection. It is a modification of an older 
technique, called backprojection or simple backprojection. Figure 2.5 shows that simple 
backprojection is a common sense approach, but not very sophisticated. An individual projected 
image of the sample is backprojected by setting all the image pixels along the ray pointing to the 
projected image of the sample to the same value. In less technical terms, a backprojection is 
formed by smearing each view back through the image in the direction it was originally 
acquired. The final backprojected image is then taken as the sum of all the backprojected views. 
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While backprojection is conceptually simple, it does not correctly solve the imaging problem. As 
shown in the figure 2.6 a backprojected image is very blurry. A single point in the true image is 
reconstructed as a circular region that decreases in intensity away from the center. In more 
formal terms, the point spread function of backprojection is circularly symmetric, and decreases 
as the reciprocal of its radius. 
 
 
Fig 2.6: Back projection [15]. 
 
Filtered backprojection is a technique to correct the blurring encountered in simple 
backprojection. As illustrated in Fig. 2.7, each view is filtered before the backprojection to 
counteract the blurring Point Spread Function (PSF). That is, each of the one-dimensional views 
is convolved with a one-dimensional filter kernel to create a set of filtered views. These filtered 
views are then backprojected to provide the reconstructed image, a close approximation to the 
"correct" image. In fact, the image produced by filtered backprojection is identical to the 
"correct" image when there are an infinite number of views and an infinite number of points per 
view. The image in this example is a uniform white circle surrounded by a black background (a 
pillbox). Each of the acquired views has a flat background with a rounded region representing 
the white circle. Filtering changes the views in two significant ways. First, the top of the pulse is 
made flat, resulting in the final backprojection creating a uniform signal level within the circle. 
Second, negative spikes have been introduced at the sides of the pulse. When backprojected, 
these negative regions counteract the blur.  
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Fig 2.7: Filtered backprojection [15]. 
 
The fourth method is called Fourier reconstruction. In the spatial domain, CT 
reconstruction involves the relationship between a two-dimensional image and its set of one-
dimensional views. By taking the two-dimensional Fourier transform of the image and the one-
dimensional Fourier transform of each of its views, the problem can be examined in the 
frequency domain. As it turns out, the relationship between an image and its views is far simpler 
in the frequency domain than in the spatial domain. The frequency domain analysis of this 
problem is a milestone in CT technology called the Fourier slice theorem. Fourier reconstruction 
of a CT image requires three steps. First, the one dimensional FFT is taken of each view. Second, 
these view spectra are used to calculate the two-dimensional frequency spectrum of the image, as 
outlined by the Fourier slice theorem. Since the view spectra are arranged radially, and the 
correct image spectrum is arranged rectangularly, an interpolation routine is needed to make the 
conversion. Third, the inverse FFT is taken of the image spectrum to obtain the reconstructed 
image [15].  
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CHAPTER 3 
EXPERIMENTAL FACILITY AND SPECIMEN PREPARATION 
3.1   BMIT at Canadian Light Source 
The BMIT beam line at the Canadian Light Source (CLS) synchrotron facility was used 
for our research project (Figure 3.1). The CT setup was installed at BMIT-BM beamline hutch at 
Canadian Light Source (Fig 3.2). The characteristics of the beamline are given in Table 3.1. The 
energy range at BMIT-BM at CLS is 8 – 40 KeV,  and that energy is suitable  for imaging light 
weight materials like Aluminum, however is not suitable for materials having high atomic weight 
like iron, zirconium etc. For high atomic weight materials we need higher energy. The process of 
incrementing the beam energy in BMIT-ID (Insertion Device) to an energy range of 20-100 KeV 
is in commission. We are optimistic that BMIT-ID (specifications of the beamline are given in 
Table 3.2) will become an important tool for analyzing high Z materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.1: (a) Canadian Light Source (CLS) (b) Beam Lines. 
 
Since our experiments were with aluminum and aluminum composites, beam energy of 
about 30 KeV was sufficient for obtaining measurable contrasts. The chosen resolution of the 
BMIT-BM imaging system was about 10 µm, and this was sufficient to analyze the shape of 
(a) (b) 
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larger (>10 µm) structural components e.g. precipitates.  Unfortunately small (<10 µm) 
components could not be imaged; they are however less likely to be responsible for crack 
initiation. 
 
Table 3.1 The parameters of the BMIT-BM beamline used in the present investigation: 
Source Bending Magnet 
Energy Range 8 – 40 keV 
Wavelength 1.6 – 0.3 Å 
Photon Brightness 1.5 x 10¹¹ ph/(s * mr² * 0.1%bW * mA) @10 keV 
Beam Size (Horizontal x 
Vertical) 
231 mm x 4.6 mm @ 23 m 
  
 
Table 3.2 The parameters for the BMIT-ID beamline under construction:  
Source Superconducting (SC) Wiggler 
Energy Range 20 - 100 keV 
Wavelength 1.6 – 0.3 Å 
Photon Brightness 3 x 10 12  ph  (s * mr 2 * 0.1%bW * mA) @ 20 keV 
Beam Size (Horizontal x 
Vertical) 
220 mm x 11 mm @ 55 m 
 
 
Synchrotron radiation micro CT was applied to the tensile sample when held by a tensile 
testing sample stage (Fig 3.2). In this micro-CT set up the source of synchrotron radiation and 
the detector was fixed while the sample was rotated to take image projections from different 
angular positions of the sample. The projection image transmitted through the sample was 
detected by an image detector with a pixel size of 4.3 µm. 
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Figure 3.2: Experimental set-up at BMIT-BM beamline. 
 
Required number of projections, at required angular intervals (generally 0.1° to 0.2° 
depending on the sample size) was measured by rotating the sample from 0° to 180° by the 
sample stage rotational system. Moreover, twenty projections without the sample were taken 
before and after CT measurement (ten of which is with the beam and rest is without the beam). 
In this way absorption and background corrections are introduced. We used syrmep tomoproject 
software to reconstruct the serial 2D slices. The software used a filtered backprojection 
reconstruction algorithm. Next, Amira image processing software was used to make 3D structure 
of the objects from 2D slices. We found the Amira software to be potential tool for segmentation 
of different constituents’ phases of the investigated materials.  
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3.2   Specimen used for 3D imaging 
Porous aluminum 
Porous aluminum was made by sintering the aluminum powder at 550 ˚C for an hour in 
argon environment in a tube furnace after cold pressing it at 150 MPa (Fig 3.3). This porous 
aluminum was made from commercially pure aluminum powder.  The pressure was applied by a 
Universal Tensile Testing Machine located at the engineering building in the University of 
Saskatchewan.   After cold pressing the powder it became solid and then it was sintered in a tube 
furnace (having capacity of 800 ˚C) in argon environment located at pilot plant of Chemical 
engineering department at the University of Saskatchewan. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig 3.3: Manufacturing process of porous aluminum. 
 
Hybrid composite of Al/Al2O3/TiC produced by anodizing and accumulative roll bonding 
(ARB) processes 
 
Strips of fully-annealed 1050-aluminum alloy with the initial dimensions of 
200mm×50mm×1mm parallel to the sheet-rolling direction and TiC powder with average 
particle size between 50 to 75 µm were used as the primary materials.  The specimens were 
provided by Professor M. R.Toroghinejad (Department of Materials Engineering, Isfahan 
150 MPa 
Aluminum powder 
under pressure 
 
Sintering of pressed 
aluminum in a tube 
furnace at 550 ˚C in 
argon environment 
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University of Technology, Isfahan, Iran) and were prepared according to the processing scheme 
described below. 
First the anodizing process was carried out by subjecting the annealed aluminum strips to 
180 g/l of sulphuric acid electrolyte under an applied voltage of 15 V, at a low electrolyte 
temperature (18̊C) in order to generate alumina on top of the aluminum strips. 
 
The anodized aluminum strips were degreased in acetone. After surface preparation, the 
rolling process was carried out immediately to avoid the formation of oxide layer on surfaces of 
the strips. 
 
The procedure of ARB process used for fabricating Al/Al2O3/TiC hybrid composites is 
shown in Fig. 3.4. This process consists of three steps. In the first step (Fig. 3.4(a)), the anodized 
aluminum strip with alumina layer at both sides was placed between the as-prepared surfaces of 
two aluminum strips. This combination has a thickness of about 3mm. TiC particles were also 
uniformly dispersed between each pair of the strips. The stacked strips were firmly attached to 
each other by steel wires and then rolled-bonded with 66% reduction, to produce a roll-bonded 
strip with the thickness of 1mm (first cycle). Afterwards, the length of the roll-bonded samples 
was sectioned into two halves. In the second step (Fig. 3.4(b)), the two roll-bonded strips 
obtained from step1 were roll-bonded again with a rolling reduction of 50% at room temperature. 
This was done after surface preparation, dispersing the TiC particles between them and stacking 
strips on each other as described in first step. This procedure was repeated up to forth step 
without anodized the strip. In the last step (Fig. 3.4(c)), the aim was to achieve a uniform 
distribution of reinforcement particles (Al2O3 and TiC) in the matrix, and also to eliminate 
porosities at the interfaces of aluminum layers and aluminum–reinforcement particles. The 
second step was repeated up to eighth cycle (without adding TiC particles). It is worthwhile to 
notice that all rolling cycles were performed parallel to the rolling direction of the as-received 
aluminum sheets and the direction of stripes was unchanged during ARB process. Also in the 
first step of the process (initial 4 cycles), a quarter of 1vol. % TiC particles was distributed 
between the aluminum strips in each cycle. Rolling was conducted in non-lubricated conditions 
using a laboratory rolling mill with a roll diameter of 127 mm and a loading capacity of 20 tons 
with rolling speed about 4 m/min. 
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(a) 
(b) 
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Fig 3.4: Manufacturing process of the hybrid composites by ARB. 
 
Aluminum alloy and composite sample for in-situ dynamic loading experiments 
The samples (Fig 3.5) were prepared according to ASTM E8 standard with a hole at the 
centre of the sample to perform in-situ tensile experiments. AA 6061 aluminum alloy specimen 
and hybrid composites of Al/Al2O3/TiC produced by anodizing and accumulative roll bonding 
processes were used for tensile loading experiments. 
 
 
(c) 
Fig 3.5: Tensile Sample. 
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CHAPTER 4 
DESIGN OF EXPERIMENTAL STAGE FOR TENSILE LOADING 
 
4.1   Overview of the sample stage 
 An automatic independent tensile and rotational sample stage was designed and 
fabricated for conducting the in-situ experiments. The unique feature of this experimental stage 
is that the sample can be rotated torsion-free for computed tomography (CT) imaging under any 
loading (tensile or compression) conditions. The sample stage is shown in Figure 4.1. 
 
 
Fig 4.1: Experimental sample stage. 
 
The specifications of the tensile and rotational sample stage are as below:  
Force: 0 to 4 kN;  
Elongation Rate: ~ up to 1.25 inch/sec;  
Rotational step resolution: 0.003˚ per step;  
Rotational Speed: ~ up to 68 rpm;  
Sample size range: 1/2” (before elongation) to 3” (after elongation). 
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4.2   Tensile System 
The tensile system is responsible for pulling the sample in a controlled manner as needed. 
The system has been designed in such a way that pulling does not affect the rotation of the 
sample (Fig 4.2).  
 
The power to pull the sample is provided by a high torque stepper motor. Stepper motors 
provide very precise, extremely cost-effective motion control. Stepping action is simple to 
control and does not require complicated, expensive feedback devices. 
 
 
 
 
 
 
 
Fig 4.2: Tensile system of the sample stage. 
 
Chain and sprockets ensure the power transmission from the stepper motor to both of the 
power screws so that both can rotate at the same time to pull the sample at the same rate from 
both sides. 
 
1.  Power motor  7. Bushings 
2. Sprockets  8. Top sliding plate 
3. Chain  9. Bottom sliding plate 
4. Right hand thread on 
the power screw 
 10. Sample 
11. Supporting ball 
bearings 
5. Left hand thread on the 
power screw 
 12. Load cell 
6. Circular guide ways   
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These are special type of power screws made in the machine shop which have right hand 
side thread on top half part which is meshed with the internal thread of the top-slider plate and 
left hand side similar thread on bottom half part which is meshed with the internal thread of the 
bottom-slider plate so that the both sliding plates can move to the opposite direction at the same 
time. This is done for pulling the specimen from both sides to avoid any axial displacement of 
the center of the specimen. 
 
Circular guide ways was used to facilitate sliding mechanism of the top and bottom slider 
plates. A bushing was used along with the hole of the slider to increase the surface contact area 
with the guide ways which decreased the tilting possibility of the slider so that slider could move 
smoothly on the guide ways. The material of the bushing was so chosen that it has minimum 
frictional co-efficient so that slider can slide smoothly on the guide ways. Both sliding plates had 
sample mounting facility at the very centre of the plates to avoid any bending effect on the 
sample. 
 
4.3   Rotational System 
The rotational system was designed to take the projection image of the sample in 
different angular positions compatible with the tomography set up at BMIT-BM beamline in 
CLS (Fig 4.3). 
 
Sample was rotated by a stepper motor having small angular steps which helped to take 
the required amount of projections, at required angular intervals by rotating the sample from 0° 
to 180°. 
 
The rotational stepper motor’s angular step size is 0.36° i.e. motor shaft rotates 0.36° in 
each pulse from the controller which was not enough to get required projections around the 
samples. In our experiments the required intervals were in-between 0.10° to 0.20° depending on 
the sample size. For bigger sample step size has to be smaller to get required number of 
projections around the sample. A worm gear box solved this problem which has reduction 
capability of 120:1. Finally, the smallest achievable angular steps of the sample become 0.003° 
which make the rotational system more suitable for any imaging experiments. 
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1. Stepper motor 7. Transmission gears 
2. Worm gear box 8. Thrust bearings in sample mountings  
3. Mountings 9. Thrust bearings in gear transmission 
4. Top sliding plate 10. Supporting ball bearings 
5. Bottom sliding plate 11. Sliding shaft around the transmission shaft 
6. Gear transmission shaft 12. Load cell 
 13. Sample 
Fig 4.3: Rotational system of the sample stage. 
 
The main challenge in designing this experimental stage was to rotate the sample under 
different loading conditions. To fulfill this requirement commercially available thrust bearing 
were used in the sample mountings which can hold the sample during experiments and ensure 
the smooth rotation of the sample under loading condition. 
 
Though thrust bearing mountings are a very efficient mechanism for rotating the sample 
under loading, the rotational power is transmitting from top to bottom part of the sample through 
the sample itself which could break the sample when the sample is vulnerable to the small 
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torsion load. To resolve this problem a gear transmission set-up was attached to the system 
which transmitted the rotational power from top to bottom part of the sample to completely 
eliminate the chance of torsional load in the sample. The gear transmission shaft and the sliding 
shafts around it were designed in such a way that the tensile loading on the sample did not affect 
the rotational power transmission through it. 
 
4.4   Control System 
A control system was designed and fabricated to control the tensile power stepper motor 
(Fig 4.4). The control system was made on a circuit board which was controlled by a micro-
controller. A micro-controller is a single integrated circuit containing a processor core, memory, 
and programmable input/output peripherals which reduces the number of chips and the amount 
of wiring, and circuit board space. The controller sends the required pulses to the driver which 
drives the stepper motor according to the manner written in the micro-controller. The micro-
controller used here is “AVR ATmega 8” from Atmel Corporation. To write the program into the 
micro-controller chip software from Atmel Corporation was used. The programming language 
used to write the codes was “C”. This micro-controller supports, in system programming which 
allows us to change the programs according to our requirements in service conditions. The driver 
used here was from National Instruments Corporation and has micro-stepping facility up to 
50,000 which ensures the precise controls of the elongation of the sample. A load cell was 
attached to measure the tensile load on the sample and was connected to a smart indicator from 
which we can get the acting load directly in N or lb. To get the accurate measurement of the 
elongation, the rotation of the other lead screw connected though the chain sprocket has been 
measured by a protractor arrangement. The lead screws and the sliding plates have negligible 
deformation during the sliding of plates as both were made from have high strength materials 
compare to the materials of the measured samples, and as a result of that we can assume that the 
elongation measurements are reliable. But when using a displacement measuring sensor, more 
specifically a local strain measuring sensor, we might obtain even better accuracy of strain 
measurements. Such measurements can be implemented in the future. The rotational stepper 
motor was connected to the control system existing at CLS to make it easier to synchronize the 
rotation of the sample and the exposure of the detector to recording of counts. 
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Fig 4.4: Control system of the sample stage. 
 
4.5   Summary on Equipment Design  
A novel experimental system has been designed and built for in-situ dynamic loading 
experiments under tensile stress at BMIT-BM at CLS.  This system was used to perform 
dynamic testing on specimens with different structural characteristics. The system was designed 
in such a way that the loading and the rotation of the sample is independent so that the sample 
can be rotated freely under loading for taking projection images for computed tomography at 
CLS. The aim of designing this experimental system was to expand a platform of structural 
imaging at CLS for in-situ imaging under tensile load. This novel system can be used for 
imaging different materials including metals, MMCs and biomaterials within the limitations of 
specified maximum size and load of the samples. If we need higher load to pull the sample we 
have to mount a gear reduction in between the motor and the lead screw to increase the torque 
delivery to the lead screw.   
 
Stepper 
Motor 
Control System at 
CLS 
Load cell Indicator 
27 | P a g e  
 
CHAPTER 5 
3D STRUCTURAL ANALYSIS OF POROUS ALUMINUM 
 
3D imaging of porous aluminum has been done using synchrotron radiation tomography. 
The internal 3D structure of the material was clearly visible and the shape and sizes of voids 
inside the structure was recorded (Fig 5.2 – 5.4). The unit volume of the imaging system is 
voxels which depends on the pixel size of the detector. In our case the pixel size of the detector 
was 4.3 µm. Therefore, 1 Voxel = 4.3*4.3*4.3 µm3 = 79.507 µm3. In the chart (Fig 5.5) of the 
voids volume distribution we see that volume of voids changed from 50 voxels (3,975 µm3) to 
5,950 voxels (473,066 µm3) with the mean volume of 343 voxels (27,270 µm3). This means that 
most of the voids in the porous structure lied below the mean volume. Total volume % of the 
voids in this structure was 1.62% (Table 5.1). The segmentation has been done by choosing a 
threshold value according to the grey scales of the images. Figure 5.1 demonstrating the way of 
choosing the threshold value to differentiate the voids and aluminum in the porous aluminum. In 
all cases in this thesis threshold values were chosen in the same manner where a transition of 
intensity is in grey scale. We found this technique very accurate comparing the outer dimension 
of the sample from this technique to the dimension by using a slide calipers. We believe that the 
quantitative measurements are accurate (as we found accurate in bigger scale in comparing the 
outer physical dimension of the sample). Choosing a threshold value is a vital part of the image 
analysis as discussed in the literature [14] because the accuracy of the measurements depends on 
it.  
 
Fig 5.1: Selection of threshold value to segment the voids and aluminum 
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The view of the porous sintered aluminum sample is shown in fig 5.2. 
 
Fig 5.2: 3D view of the porous aluminum. 
 
The internal structures are shown in Fig 5.3 and Fig 5.4, where cuts obtained from the imaging  
experiments are displayed (such cuts are non-destructive). The size and shape of the internal 
voids are imaged.  
 
Fig 5.3: 3D view of the porous aluminum (slice cut from the left side to see inside). 
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Fig 5.4: 3D view of the porous aluminum (slice cut from both sides to see inside). 
 
Amira software is a powerful tool to measure the volume of voids which are separated from each 
other and it provides histogram plots showing the volume distribution of the segmented parts, in 
our case the number distribution of volumes of voids.  
   
Fig 5.5: Volume distribution of voids in the porous aluminum. 
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Table 5.1: Volume fractions of the porous aluminum: 
Total volume of the 
sintered aluminum 
µm3*1000 
(Voxels) 
Volume of 
aluminum 
µm3*1000 
(Voxels) 
Volume of the 
voids 
 µm3*1000 
(Voxels) 
% Volume of the 
voids 
 
5,405,629 
 
(67989347) 
 
5,319,486 
 
(66905880) 
 
86,143 
 
(1083467) 
 
1.62 
1 Voxel = 4.3*4.3*4.3 µm3 = 79.507 µm3 
 
5.1   Summary of the findings 
 It has been shown that this imaging technique is a powerful technique to analyze the 
internal structure of porous materials i.e. porosity, differences in porosity in different parts of the 
sample and the size distribution of voids can be obtained from imaging experiments. Choosing 
the correct threshold value of the grey scale of the obtained images is very important. For 
example, aluminum foam which has very important industrial uses (using in car bumper as shock 
absorbers) can be analyzed by this technique and information obtained might be useful in 
improving the manufacturing process of those materials. It is not possible however to see the 
pores smaller than 10 µm because of the limitation of the resolution of this imaging technique.  
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CHAPTER 6 
3D IMAGING OF ALUMINUM COMPOSITES 
 
The manufacturing processes of Hybrid composite of Al/Al2O3/TiC produced by 
anodizing and accumulative roll bonding processes are described in CHAPTER 3. As we know 
from the literature [16 - 19] that the material properties improve as the number of ARB cycle 
increases and it is important to know the structure of the materials after different ARB cycle to 
analyze and control the manufacturing process. 3D structural imaging can give us information on 
internal structure of these hybrid composites after different ARB cycles. 3D imaging of these 
composites has been done after the following cycles of the ARB process: (a) 4 pass (b) 8 pass 
and (c) 10 pass. 
 
6.1   Al/Al2O3/TiC composite after 4 ARB passes 
The composite after 4 passes consists of Alumina and TiC distributed in aluminum 
matrix. In the 3D images it is clear that the alumina layer has broken into particles after 4 ARB 
passes (Fig 6.1 and Fig 6.2). There are some voids formed inside the composite at the interface 
between the aluminum and alumina.  
 
 
 
Fig 6.1: 3D view of the composite after 4 passes (front view). 
Rolling  
Direction 
Aluminum 
Alumina 
Voids 
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Fig 6.2: 3D view of the composite after 4 passes (side view). 
 
3D image analyses give us the volume distribution of alumina particles (Fig 6.3 and Fig 
6.4) and voids but are limited to separate TiC from the structure. We needs more detailed image 
analysis to quantify the presence of TiC in aluminum. 
 
 
Fig 6.3: Volume of alumina particle distribution chart after 4 passes. 
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The volume of alumina particles lied between 434 voxels (34,506 µm3) and 82,800 
voxels (6,583,179 µm3) with a mean of 3,889 (309,202 µm3) voxels. That means most of 
alumina was broken into smaller particles and distributed in the aluminum matrix, but there were 
still some large alumina particles in the specimen. In the Fig 6.1 and Fig 6.2 it is clear that the 
distribution of alumina is not uniform.  
 
Fig 6.4: Volume of voids distribution chart after 4 passes. 
 
The maximum volume of the observed void was 2571 voxels (204,412 µm3) with the 
mean of 260 voxels (20,671 µm3). The number of voids in the selected volume was 1178 with a 
volume fraction of 0.33% (Table 6.2). 
 
6.2   Al/Al2O3/TiC composite after 8 ARB passes 
The alumina particles were distributed more uniformly in this composite compare to the 
composite after 4 ARB passes (Fig 6.5 and Fig 6.6). The volume of alumina lied between 266 
voxels (21,148 µm3) and 49,463 voxels (3,932,654 µm3) with a mean of 2,658 voxels (211,329 
µm3) (Fig 6.7 and Fig 6.8). That meant the largest alumina particles were broken down after 8 
ARB passes because the alumina particles were smaller and distributed more uniformly as seen 
in the Fig 6.5 and 6.6. The maximum volume of void was 2030 voxels (161,399 µm3) with a 
mean of 180 voxels (14,311 µm3).  
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Fig 6.5: 3D view of the composite after 8 passes (front view). 
 
 
Fig 6.6: 3D view of the composite after 8 passes (side view). 
 
The number of voids in the selected volume was 1635 with the volume fraction of 0.36% 
(Table 6.2).  This implies that after the 8 ARB passes the average size of the voids decreased but 
Rolling  
Direction 
Aluminum 
Alumina 
Voids 
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the number of voids and volume fraction of voids increased compare to those registered after the 
4 ARB passes. 
 
 
Fig 6.7: Volume of alumina particles distribution chart after 8 passes. 
 
 
Fig 6.8: Volume of voids distribution chart after 8 passes. 
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6.3   Al/Al2O3/TiC composite after 10 ARB passes 
The alumina particles were distributed more uniformly in the composite compare to the 
composite after 4 and 8 ARB passes (Fig 6.9 and Fig 6.10).  
 
 
 
 
Fig 6.9: 3D view of the composite after 10 passes (front view). 
 
 
Fig 6.10: 3D view of the composite after 10 passes (side view). 
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The volume of alumina lied between 198 voxels (15,742 µm3) and 35,926 voxels 
(2,856,368 µm3) with a mean of 1,795 voxels (142,715 µm3) (Fig 6.11 and Fig 6.12). That meant 
that the larger alumina particles left after 8 ARB passes were further broken down to smaller  
 
Fig 6.11: Volume of alumina particles distribution chart after 10 passes. 
 
 
Fig 6.12: Volume of voids distribution chart after 10 ARB passes. 
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particles and were distributed more uniformly as seen in the Fig 6.9 and Fig 6.10. The maximum 
volume of voids was 1451 voxels (115,364 µm3) with a mean value of 197 voxels (15,662 µm3). 
The number of voids in the selected volume was 1305 with a volume fraction of 0.28% (Table 
6.2).  This implied that after 10 ARB passes the average size of the voids again increased a little 
but the number of voids and volume fraction of voids decreases compare to those after the 8 
ARB passes. Results of measurements of alumina particles and voids in the ARB composites are 
given in Table 1 and Table 2. 
 
Table 6.1: Results of measurements of alumina particles in the ARB composites: 
 
 
 
 
No. of 
alumina 
particles   
Mean volume 
of alumina 
particles 
µm3  
(Voxels) 
Volume of the 
largest alumina 
particle 
µm3  
(Voxels) 
Volume % 
of the 
alumina 
particles 
4 pass  881  309k  
(3889)  
6,583k  
(82800)  
3.48 
8 pass  1,235  211k  
(2658) 
3,932k  
(49463)  
3.32 
10 pass 1,429 142k  
(1795) 
2,856k  
(35926) 
2.69 
 
1 Voxel = 4.3*4.3*4.3 µm3 = 79.507 µm3 
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Table 6.2: Results of measurements of voids in the ARB composites: 
Voids  No. of voids  Mean volume 
of voids 
µm3 
 
(Voxels) 
Volume of 
the largest 
void 
µm3 
(Voxels) 
Volume % of 
voids 
4 pass  1,178  20k  
(260)  
204k 
(2571)  
0.33 
8 pass  1,635  14k 
(180)  
161k 
(2030)  
0.36 
10 pass 1,305 15k 
(197) 
115k 
(1451) 
0.28 
1 Voxel = 4.3*4.3*4.3 µm3 = 79.507 µm3 
 
6.4   Comparison and discussion of the composites structure after different passes 
The comparison of the composite’s internal structure (Fig 6.13 – 6.20) explained the 
effect of ARB passes on the structure. Fig 6.13 shows that the number of alumina particle 
increased as the number of passes increased which ensure the uniform distribution of alumina 
particles throughout the aluminum matrix. Using such quantified data it would be possible, in 
future experiments, to co-relate the internal structure and the mechanical properties and also to 
determine optimum number of passes for composite manufacturing.  
 
Fig 6.14 and Fig 6.15 show that the mean volume of the alumina particles and volume the 
largest alumina particle decreased as the number of ARB passes increased, which is rather 
obvious because increase rolling reduction breaks the larger alumina particles  into smaller 
particles. Volume fraction of alumina decreased as ARB passes increases (Fig 6.16). The sample 
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was polished before the test which removed away some alumina particles near the surface. As 
the ARB passes increased the alumina particles were distributed more uniformly from the middle 
part to throughout the sample, which increased the chance of the presence of alumina particles 
near the surfaces. That is why volume % decreased as the number of ARB passes increased. 
 
 
Fig 6.13: Number of alumina particle vs. number of ARB passes.  
 
 
 
Fig 6.14: Mean volume of alumina particle vs. number of ARB passes.  
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Fig 6.15: Volume of the largest alumina particle vs. number of ARB passes.  
 
 
 
Fig 6.16: Volume % of alumina vs. number of ARB passes.  
 
The volume distributions of the voids after different ARB passes showed some 
interesting results. The number of voids increased as the ARB passes increased from 4 passes to 
8 passes and then decreases again after 10 ARB passes while the mean volume of voids 
decreased first then increased and volume of the largest void decreased as the ARB passes 
increased which implies that after 8 passes some new small voids are formed but bigger voids 
diminishes and that is why mean volume decreases (Fig 6.17 – 6.19). After 10 passes the quality 
of the structure improved as the number of voids and volume of the largest void decreased while 
mean volume increased a little.  
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Fig 6.17: Number of voids vs. number of ARB passes.  
 
 
Fig 6.18: Mean volume of voids vs. number of ARB passes.  
 
 
Fig 6.19: Volume of the largest void vs. number of ARB passes. 
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Fig 6.20: Volume % of voids vs. number of ARB passes.  
 
6.5   Comments on the findings 
The imaging technique used for absorption CT depends on the absorption characteristics 
of the materials; it is not difficult to segment the materials with different absorption 
characteristics. Unfortunately if the absorption of different materials is similar then it would be 
difficult to differentiate them, which has happened in our analysis. It was possible to differentiate 
alumina particles from the aluminum matrix but was not to identify the TiC particles. Therefore 
more detailed analysis to segment these particles from the matrix is needed.  These composites 
are made by accumulated roll bonding (ARB) process. The composites after different ARB 
passes are studied and it was found that the number of alumina particles and voids and their 
shape and size distribution were different. Such information should be very useful in analysis 
and improvement of the manufacturing process of these types of composites.  
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CHAPTER 7 
IN-SITU STRUCTURAL ANALYSIS OF ALUMINUM ALLOY (AA 6061) UNDER 
TENSILE LOADING 
 
AA 6061 is a precipitation hardening aluminum alloy containing magnesium and silicon 
as its major alloying elements. It has good mechanical properties and exhibits good weldability. 
It is one of the most common alloys of aluminum for general purpose use. For example in: 
 Construction of aircraft structures, such as wings and fuselages. AA 6061 remain 
resistant to corrosion even when the surface is abraded. 
 Yacht construction, including small utility boats.  
 Automotive parts, such as wheel spacers. 
 The manufacture of aluminum cans for the packaging of foodstuffs and beverages. 
 
7.1   In-situ 2D Experiment under Tensile Stress of AA 6061 in SEM 
An in-situ tensile experiment has been done in SEM. We have in-situ tensile testing 
experiments module in our SEM facility. A model sample (Fig 7.1) was prepared according to 
ASTM E8 standard with a hole at the centre of the sample.  Surface image of the sample has 
been captured at different strain levels (Fig 7.2). The stress strain curve (Fig 7.3) shows that the 
load decreases a little at the time of image taking because of the relaxation effect.  
 
 Fig 7.1: Tensile sample. 
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The following figure sowing the surface image of the centre part of the tensile sample in 
different strain levels:  
 
 
 
Fig 7.2: 2D surface image of AA6061 in different strain levels. 
 
Corresponding Load vs. Elongation curve:  
 
 
Fig 7.3: Load vs elongation curve of AA 6061 tensile test. 
 
a b c d e f 
g h i j k l 
Load 
Elongation 
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In the following figures (Fig 7.4) it is evident that the fracture was transgranular. The sample 
fractured at the time of image taking, while there was no sign of crack propagation at the surface 
at the time of taking the last image. We can assume that the crack started inside the specimen and 
fractured before showing up at the surface. 
 
                        
 
 
     
Fig 7.4: Close view of the fractured area of the AA 6061 sample. 
 
To understand the crack initiation and propagation we will need 3D imaging. After this 
experiment we have done in-situ 3D imaging of the similar sample using synchrotron radiation 
tomography.  
 
 
 
j k l 
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7.2   In-situ 3D Experiment under Tensile Stress of AA 6061 using Synchrotron Radiation 
Tomography  
In-situ 3D imaging was done under different loading condition on AA 6061 model 
sample (Fig 7.5). The test was displacement control i.e. images were taken at different strain 
level while load was not fixed because of the relaxation effect of the pulled sample but after 
pulling to a specific stain level we wait till the stabilization of the load at that stain level. 
Unfortunately, we did not have enough time to get the 100 percent stabilization of the load but 
acceptable change of load which would not affect much in the imaging.  It was not possible to 
image the whole gage length of the sample because of the limited field of view. That is why the 
hole in the sample was kept at the centre of the field of view and the sample was pulled from 
both sides in different strain levels (a) without loading, (b) after 0.30 mm elongation, (c) after 
0.40 mm elongation, and after that the sample fractured. 
 
 
Fig 7.5: 3D images of the AA 6061 in different strain levels (a) without loading (b) after 0.30 
mm elongation (c) after 0.40 mm elongation. 
 
The 3D images presented in Fig 7.6 are after 0.40mm elongation of the sample. It is 
clearly visible how the cracks are propagating and connecting and changing the direction of 
(a) (b) (c) 
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propagation, inside the specimen, within 3D structure. Though the resolution of this 3D imaging 
technique is limited and such important characteristics of structure as grain boundaries were not 
imaged in presented experiments, it is a very powerful tool to analyze the bulk properties of the 
material and failure of the materials in 3D (true volumetric). There are no indications of failure at 
the surface of the sample after 0.40 mm elongation whereas the cracks have been already 
initiated and propagated for a significant distance inside the sample before failure, see Fig 7.6 
(b).  
 
 
 
Fig 7.6: (a) 3D images of AA 6061 after 0.40 mm elongation (b) Close view of the sample 
showing crack propagation inside the material in 3D. 
 
In the left figure (in Fig 7.6 (b)) we see that two cracks that are initiated from the inner 
surface of the hole propagate along two different directions inside the sample. After   some 
propagation distance those two cracks merged to each other and then propagated again inside the 
(a) 
(b) 
crack propagation 
 inside the material crack propagation 
 inside the material 
Connection of two cracks 
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sample. In the right figure (in Fig 7.6 (b)) a big crack is initiated and propagated from inner 
surface of the sample and then changed its direction of propagation inside the sample. These 
crack propagation caused the fracture of the sample after a little more elongation. 
 
 
7.3   Comments on the findings 
In this in-situ tensile experiment of aluminum alloy (AA 6061) we see that 2D analysis 
cannot describe the failure of the material and 3D analysis illustrates well the processes of 
failure.  The volumetric analysis is however limited by low resolution; therefore, 2D SEM 
methods will be used as complementary method to explain the scenario of failure.  It would be 
ideal if we could image the 3D grain boundaries and relate these observations to crack 
propagation. In the literature [20] it was demonstrated that the grain boundaries could be made 
visible by decorating them by diffusion of gallium into the sample which, however, make the 
sample brittle and such additions may change the mode of failure.  
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CHAPTER 8 
IN-SITU 3D STRUCTURAL ANALYSIS OF ALUMINUM COMPOSITE UNDER 
TENSILE LOADING 
 
The manufacturing process of hybrid composite of Al/Al2O3/TiC produced by anodizing 
and accumulative roll bonding processes is described in Chapter 3. One of these composites was 
investigated by in-situ 3D imaging at different strain levels with hole at the centre. The 
composite after 8 passes were investigated.  
 
8.1   3D view of the composite in different strain using synchrotron radiation tomography 
It was not possible to image the whole gage length of the sample because of the limited 
field of view. That is why the hole in the sample was kept at the centre of the field of view and 
then the sample was pulled from both sides.  The projections were taken at different strain levels 
(a) without loading (b) after 0.30 mm elongation (c) after 0.40 mm elongation (d) after 0.45 mm 
elongation, and after that the sample fractured.  
The 3D view of the composite in different strain levels showed that the  alumina along 
with aluminum were deforming and some were moving out of the field of view as elongation 
increased (Fig 8.1 – 8.12). Most of the voids were at the interfaces between the aluminum and 
alumina. 
The figures (Fig 8.2, 8.5, 8.8 and 8.11) show that the alumina particles moved a little 
amount because the loading increased the distance between the particles along the loading 
direction. It can be speculated from those figures that most of the voids were created because the 
loading stress must have concentrated near the alumina particles or perhaps at the interfaces 
between the alumina particles and aluminum matrix. Crack starts from the inner surface of the 
hole as the stress is maximum there because of the lowest cross sectional area of the specimen 
and stress raiser effect because of the hole and continues to propagate inside the composite and 
finally causes the fracture of the sample as load increases. 
 The figures (Fig 8.3, 8.6, 8.9 and 8.12) show that the volume and number of voids 
increases as the elongation increases but there is no significant increase in size and the number of 
voids up to 0.30 mm elongation. After more elongation new voids were created and some voids 
coalesced and, as a result, the number and size of the voids increased.  
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Fig 8.1: 3D view of the composite without loading. 
 
 
Fig 8.2: 3D view of the composite without loading (without aluminum matrix). 
No Load 
Rolling  
Direction 
Aluminum 
Alumina 
Voids 
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Fig 8.3: 3D view of voids in the composite without loading. 
 
 
 
 
Fig 8.4: 3D view of the composite after 0.30 mm elongation. 
Loading 
Direction 
Rolling  
Direction 
Aluminum 
Alumina 
Voids 
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Fig 8.5: 3D view of the composite after 0.30 mm elongation (without aluminum matrix). 
 
 
 
Fig 8.6: 3D view of voids in the composite after 0.30 mm elongation. 
 
Out of field of view at 
the next strain level 
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Fig 8.7: 3D view of the composite after 0.40mm elongation. 
 
 
Fig 8.8: 3D view of the composite after 0.40mm elongation (without aluminum matrix). 
Rolling  
Direction 
Aluminum 
Alumina 
Voids 
Loading 
Direction 
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Fig 8.9: 3D view of voids in the composite after 0.40 mm elongation. 
 
 
 
 
Fig 8.10: 3D view of the composite after 0.45mm elongation. 
Loading 
Direction 
Rolling  
Direction 
Aluminum 
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Voids 
Coalescence 
of voids 
New voids initiation 
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Fig 8.11: 3D view of the composite after 0.45mm elongation (without aluminum matrix). 
 
 
 
Fig 8.12: 3D view of voids in the composite after 0.45 mm elongation. 
 
Volume of void 
increases  
Surface crack 
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In the Fig 8.12 we can see that though volume of voids increased, the crack initiated at the 
surface propagated though the material and caused fracture. The voids acted as a favorable path 
for the failure crack to propagate. 
 
8.2   Size distribution of voids in the composite at different strain levels 
The following charts (Fig 8.13 - 8.16) show the volume of the voids distribution in the 
composite at different strain levels and results of measurements of size of voids in different stain 
levels in the composite are presented in Table 8.1. In all the volume distribution charts the 
columns represent the number of voids present in the investigated volume of the sample, where 
volume of each 50 voxels = 3,975 µm3. Again, the accuracy in measuring the number of voids 
and the volume of each void strongly depended upon the accuracy of choosing the threshold 
value of the grey scale images. In Fig 8.13 the volume distribution of voids without loading of 
the sample is shown. In the figure it is clear that most of the voids in the composite are small. 
The total number of voids was 1,020 (Table 8.1) where around 700 voids lied below the mean 
volume of total voids of 154 voxles (12,244 µm3). The volume of the largest void is 2201 voxels 
(174,994 µm3). 
 
 
Fig 8.13: Volume of voids distribution chart without loading. 
 
58 | P a g e  
 
In Fig 8.14 the volume distribution of voids after 0.30 mm elongation of the sample is 
shown. The total number of voids was 1,026 (Table 8.1) where around 700 voids have a 
dimension below the mean volume which was 150 voxels (11,926 µm3). The size distribution of 
voids was very similar to the distribution of volume of voids without loading.  The volume of the 
largest void was 3201 voxels (254,501 µm3). 
 
Fig 8.14: Volume of voids distribution chart after 0.30 mm elongation. 
 
In Fig 8.15 the volume distribution of voids after 0.40 mm elongation of the sample is 
shown. At this strain level the total number of voids and the size of the voids increased but the 
distribution pattern remained the same i.e. more than 60% of the voids lied below the mean 
volume of the voids and this number was reduced as volume of voids increased. In the present 
case the total number of voids was 1,384 (Table 8.1) and around 900 voids lied below the mean 
volume which was 169.9 voxels (13,508 µm3). The volume of the largest void was 3551 voxels 
(282,329 µm3).  
In Fig 8.16 the volume distribution of voids after 0.45 mm elongation of the sample was 
shown. At this strain level, the total number of voids and the size of the voids increased more and 
the distribution pattern remained the same again i.e. more than 70% of the voids lied below the 
mean volume of the voids, and this percentage was reduced when the volume of voids increased. 
In this case the total number of voids was 1,590 (Table 8.1) where around 1150 voids lied below 
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the mean volume which was 169.6 voxles (13,484 µm3). The volume of the largest void was 
4751 voxels (377,737 µm3) whereas the volume of largest void without loading was 2201 voxels 
(174,994 µm3) i.e. loading increased the volume of voids in significant amount which might be 
main responsible cause of failure of the material. 
 
Fig 8.15: Volume of voids distribution chart after 0.40 mm elongation. 
 
 
Fig 8.16: Volume of voids distribution chart after 0.45mm elongation. 
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Table 8.1: Results of measurements of size of voids in different stain levels in the composite: 
Total no. of 
Voids 
Total volume 
of voids   
µm3    
 (voxels) 
Mean volume 
of voids  
µm3  
(voxels) 
Volume of 
the largest 
void 
µm3  
(voxels) 
Without loading  
1,020 
12,638k 
 
(158955) 
12.25k 
 
(154) 
175k 
 
(2201) 
After 0.30mm 
elongation 
 
1,026 
 
12,391k 
 
(155856) 
12.00k 
 
(150) 
254k 
 
(3201) 
After 0.40mm 
elongation 
 
1,384 
 
18,889k 
 
(237579) 
13.5k 
 
(170) 
 282k 
 
 (3551) 
After 0.45mm 
elongation 
 
1,590 
 
21,751k 
 
(273581) 
13.4k 
 
(169) 
377k 
 
(4751) 
1 voxel = 4.3*4.3*4.3 µm3 = 79.507 µm3 
 
From the void size distributions it is obvious that most of the voids lied below the median 
volume of the voids. Figs 8.17- 8.20 are showing the number and volume of voids at different 
strain levels. There is almost no change in the number of voids between the specimen without 
loading and the specimen after 0.30 mm elongation, but an increase of size of some voids is 
observed. However there is a significant difference in number of voids and average size of the 
voids between the sample after 0.30 mm elongation and 0.40 mm elongation. Again, at the next 
strain level (after 0.45 mm elongation) the average size of the voids remained the same but the 
number of voids increase which mean that new smaller voids are formed. Volume of the largest 
void (Fig 8.20) increased dramatically after 0.45 mm elongation and this increment favored the 
fracture of the sample.   
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Fig 8.17: Total number voids vs. the elongation.  
 
 
Fig 8.18: Total volume of void vs. elongation.  
 
 
Fig 8.19: Mean volume of voids vs. elongation.  
62 | P a g e  
 
 
Fig 8.20: Volume of the largest void vs. elongation.  
 
8.3   Discussion on findings 
In the in-situ 3D imaging of Al/Al2O3/TiC hybrid composite it has been found that the 
number and size of voids increased and then the voids coalesced with each other as load 
increased which is rather obvious.   However, the failure occurred because of the crack initiation 
at the inner surface of the hole where the stress was maximum because of the smaller cross-
sectional area and stress raiser effect at the hole, and then crack propagated inside the material 
causing failure. This technique makes it possible to visualize how the internal structure (size, 
shape and distribution) of voids changes with the increment of the load and to observe the 
initiation of failure in the sample under the tensile load.  
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CHAPTER 9 
CONCLUSION 
High-resolution industrial computed tomography (micro CT and nano CT) was used for 
imaging and inspecting structure of metallic materials, composites and porous metals. Different 
phases of materials as well as voids and cracks were visualized in 3D with microscopic 
resolution.  
 
A novel experimental system has been designed and built for in-situ experiments under 
tensile loading at BMIT-BM at CLS.  This system was used to perform dynamic testing on 
specimens with different structural characteristics. The system was designed in such a way that 
the loading and the rotation of the sample was independent so that the sample can be rotated 
freely under loading for taking projection images for synchrotron-based computed tomography at 
the CLS. The aim of designing this experimental system was to make a platform at CLS for 
doing in-situ experiment under loading of different materials including metals, MMCs and 
biomaterials within the limitations of specified maximum size and load of the samples.  
 
The system has been used to image the structure of porous aluminum and analyze the size 
and distribution of voids. It has been shown that this technique is a powerful technique to 
analyze the internal structure of porous materials i.e. porosity, differences in porosity in different 
parts of the sample, size distribution of voids if we can segment the structure properly by 
choosing correct threshold value of the grey scale of the images.  
 
The system was also used to image the structure of Al/Al2O3/TiC hybrid composites to 
analyze the size distribution of reinforcing particles and voids. As the technique we used is 
absorption CT which depends on the density and absorption characteristics of the materials, it is 
easier to segment the materials with different densities in the samples. Unfortunately, if the 
absorption of different materials is close then it would be difficult to differentiate them which 
happened in our analysis. It was possible to differentiate alumina particles from the aluminum 
matrix but not the TiC particles in our present study because the density of TiC particles was 
close to the aluminum matrix which needs more detailed analysis to segment these particles from 
the matrix.  These composites were made by accumulated roll bonding (ARB) process. The 
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composites after different ARB passes are studied and it was found that the number of alumina 
particles and voids and their shape and size distribution are different.  
 
It was demonstrated that in-situ system could be used to image consecutive stages of 
structural transformation in aluminum alloy and aluminum composites during tensile 
deformation and to illustrate the nucleation of failure. In the case of in-situ tensile experiment of 
aluminum alloy (AA 6061), we see that 2D SEM analysis is not enough to describe the failure of 
the material and 3D analysis is true volumetric but limited to low resolution i.e. both techniques 
work as complementary for each other to explain the whole scenario. In case of in-situ 3D 
imaging of Al/Al2O3/TiC hybrid composite, it has been found that the number and size of voids 
increased and then coalesced with each other as load increased which is obvious but failure 
occurred because of the initiation of crack at inner surface of the hole as the stress was maximum 
there which propagate inside the material cause facture. 
 
The novel experimental system of dynamic testing, used for imaging at BMIT-BM at 
CLS, can help in better description of structural transformation associated with the application of 
load and will contribute to better understanding of the failure mechanisms of different types of 
materials during straining. 
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CHAPTER 10 
FUTURE WORK 
The developed 3D in-situ dynamic experimental technique can be used to study of failure 
in technologically important light weight materials like: 
 
• Aeronautic Aluminum Alloy with Precipitates 
• Porous Aluminum/ Aluminum Foam 
• Aluminum-Alumina Composites 
• Aluminum-Alumina-SiC hybrid Composites 
 
In our present study (in imaging of Al/Al2O3/TiC hybrid composite) we were unable to 
separate TiC from structure. We need more details study to quantify the presence of TiC in the 
composites. 
 
We believe that the quantitative measurements are accurate (as we found accurate in 
bigger scale in comparing the outer physical dimension of the sample) but for the smaller 
structural components (voids, reinforcing particles) inside the material it may need concrete 
proof of the accuracy of measurements.  
 
In the literature [12, 13] it is evident that the heavy weight material can be inspected by 
using higher energy synchrotron radiation. This technique would be useful to investigate failure 
mechanisms of technologically important pipeline steel when BMIT-ID beamline (energy level 
is 20 KeV to 100 KeV) is available. 
 
We know from the literature [21] that the available software can produce 3D volume data 
for the simulation software i.e. COMSOL. The 3D image data obtained from CT measurements 
can be used also for modeling of the failure processes of the investigated materials.   
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APPENDIX 
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1. Figure 2.1 
2. Figure 2.2 
3. Figure 2.3 
4. Figure 2.4a 
5. Figure 2.4b 
6. Figure 2.5, 2.6 and 2.7 
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